Introduction {#Sec1}
============

Surfactin is a bacterial cyclic lipopeptide produced by *Bacillus subtilis* \[[@CR14]\]. In the course of various studies of its properties, surfactin was found to exhibit effective characteristics like anti-bacterial, anti-viral, anti-tumor, anti-mycoplasma, and hemolytic activities \[[@CR15]\].

Intracellular calcium (\[Ca^2+^\]~i~) is a critical second messenger and regulator of cell apoptosis, a change in cytosolic free Ca^2+^ leads to cell apoptosis through several downstream mechanisms \[[@CR16], [@CR20]\]. \[Ca^2+^\]~i~ increases probably due to direct activation of the receptor and generation of plasmalemmal Ca^2+^ influx. Disruption of Ca^2+^ homeostasis, in turn, induces a series of biochemical reactions that result in caspase activation and subsequent cell apoptosis \[[@CR2], [@CR8]\].

Ca^2+^ concentration can inhibit folded protein capacity of the endoplasmic reticulum (ER) and result in the accumulation of unfolded protein a condition termed as the endoplasmic reticulum stress (ERS) \[[@CR1]\]. When ERS is prolonged, C/EBP-homologous transcription factor (CHOP/Gadd153) is upregulated downstream of the basic leucine zipper (bZIP) transcription factor activating transcription factor 4 (ATF4) and uniquely responsive to ERS \[[@CR11]\]. CHOP/Gadd153 causes down regulation of the anti-apoptotic protein B cell lymphoma-2 (Bcl-2), cytochrome *c* release and caspase-3 activation \[[@CR3], [@CR5], [@CR6]\]. To date, it is not well documented how the surfactin triggers ER Ca^2+^ release channels, then causes the collapse of Ca^2+^ homeostasis in surfactin-induced apoptosis.

Reaction oxygen species (ROS) may play an important role as a second messenger and may lead to the activation of mitogen-activated protein kinases (MAPKs) \[[@CR12], [@CR17], [@CR18]\]. Another important issue was that both \[Ca^2+^\]~i~ increase and ROS were involved in cell apoptosis, it would be interesting to know which of these phenomena occurred firstly, whether or not they have an effect on MAPKs.

Our previous study have indicated that elevation \[Ca^2+^\]~i~ and mitochondrial are associated with the development of apoptosis \[[@CR4]\]. However, the mechanism of generating the Ca^2+^ response with surfactin is not clearly clarified. In this study, the effect of surfactin on disruption of Ca^2+^ homeostasis and Ca^2+^-dependent enzymes in HepG2 were studied. We investigated the possibility whether intracellular ROS, ERS, Ca^2+^, and MAPKs pathway are involved in surfactin-induced apoptosis of HepG2 cells.

Materials and Methods {#Sec2}
=====================

Materials {#Sec3}
---------

Surfactin from *Bacillus natto TK-1* was purified as previously described \[[@CR4]\]. Mouse polyclonal antibodies against β-actin, CHOP/Gadd153, immunoglobulin heavy chain binding protein/glucose-regulated protein 78 (Bip/GRP78), p-ERK and horseradish peroxidase conjugated secondary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell Culture {#Sec4}
------------

HepG2 cell lines were obtained from the Institute of Biochemistry and cell Biology (Shanghai, China). The cells were maintained in minimum essential medium alpha medium (DMEM, high glucose) supplemented with 10 % heat inactivated fetal bovine serum at 37 °C in a humidified chamber of 95 % air and 5 % CO~2~.

Measurement of Intracellular ROS Production {#Sec5}
-------------------------------------------

The intracellular generation of ROS was inspected by 2′,7′-dichlorofluorescein diacetate (DCFH-DA). DCFH-DA is deacetylated by intracellular esterase and converted to nonfluorescent dichlorodihydrofluorescein, which is oxidized rapidly to the highly fluorescent compound dichlorofluorescein in the presence of ROS. HepG2 cells were incubated with 42 μg/ml surfactin for 2, 4, and 6 h and loaded with 10 μM DCFH-DA for 30 min at 37 °C in the dark. Then, cells were washed with phosphate buffer saline (PBS) (pH 7.2) three times. The fluorescence was measured by laser scatter confocal microscope (LSCM) using an excitation of 488 nm and an emission of 525 nm.

Measurement of Calcium Concentration {#Sec6}
------------------------------------

HepG2 cells were incubated with 42 μg/ml surfactin for 3, 9, and 12 h. The levels of \[Ca^2+^\]~i~ was measured by Fluo-3/AM, a visible wavelength calcium probe. The dye was added to the HepG2 cells for 1 h at 37 °C under 5 % CO~2~ in the dark. Then, the cells were washed three times with PBS (pH 7.2). The fluorescence was measured by LSCM using an excitation of 488 nm and an emission of 525 nm.

SDS-PAGE and Western Blotting Analysis {#Sec7}
--------------------------------------

SDS-PAGE and western blotting analysis have been described previously \[[@CR19]\]. In brief, HepG2 cells were lysed and quantified, 10 μg of protein per lane was loaded on 10 % SDS-PAGE and transferred to nitrogen cellular membrane. The membrane was blocked and incubated with primary antibody. After washed with PBS, the membrane was incubated with the secondary antibody. Densitometry of the western blots was done using QuantiScan software (Cambridge, UK).

Statistical Analysis {#Sec8}
--------------------

Experiments were performed at least three times with similar results and results were expressed as the mean ± SEM. Statistical comparisons were performed with SPSS 17.0 (Statistical Product and Service Solutions USA).

Results {#Sec9}
=======

Measurement of Intracellular ROS Production {#Sec10}
-------------------------------------------

To investigate the effect of ROS production on HepG2 cells apoptosis, intracellular ROS production was detected. As shown in Fig. [1](#Fig1){ref-type="fig"}, there was visual change of fluorescence at 2 h compared to control, the fluorescence reached the peak value at 4 h and decreased at 6 h compared to 4 h. To demonstrate whether ROS participates in surfactin-induced apoptosis, the inhibition rate of HepG2 cells treated with surfactin in the presence or absence of *N*-acetyl-[l]{.smallcaps}-cysteine (NAC, inhibitor of ROS) was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). The results showed the inhibition rate of cells pretreated with NAC was evidently decreased compared with cells treated with surfactin alone (data was not shown), these results confirmed that ROS generation was involved in the surfactin-induced apoptosis in HepG2 cells (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1Intracellular ROS production in surfactin-treated HepG2 cells. Cells were treated with surfactin (42 μg/ml) for 0, 2, 4 and 6 h and was measured by LSCM

Effect of ROS on ERS {#Sec11}
--------------------

Bip/GRP78 and CHOP/Gadd153 were considered to be important unfolded protein in ER, and both of them were ER residential chaperone and ER stress hallmark. As shown in Fig. [2](#Fig2){ref-type="fig"}, the expression of both Bip/GRP78 and CHOP/Gadd153 increased in a time-dependent manner after being treated with surfactin. The expression of Bip/GRP78 and CHOP/Gadd153 both decreased pretreated with NAC compared to being treated with surfactin alone (*p* \< 0.01). This indicated that the activation of ERS was regulated by ROS production (Fig. [2](#Fig2){ref-type="fig"}). Fig. 2Effect of ROS on ERS. Cells were incubated with surfactin (42 μg/ml) for control, 6, 12 and 24 h or 1 mM NAC was added into HepG2 cells for 2 h and then incubated with surfactin for 24 h (NAC + Sur group). \*\**p* \< 0.01, ^\#\#^ *p* \< 0.01 compared with 24 h group

Measurement of \[Ca^2+^\]~i~ Production {#Sec12}
---------------------------------------

To detect if surfactin has an effect on the cytoplasmic Ca^2+^ concentration, \[Ca^2+^\]~i~ was measured. As shown in Fig. [3](#Fig3){ref-type="fig"}A, when treated with surfactin, \[Ca^2+^\]~i~ was significantly increased, and the increase of \[Ca^2+^\]~i~ was in a time-dependent manner. To determine whether the \[Ca^2+^\]~i~ accumulated in cytoplasm finally induced cell apoptosis, 1,2-bis-(*o*-aminophenoxy)-ethane-*N*,*N*,*N*′,*N*′-tetraacetic acid, tetraacetoxymethyl esteris (BAPTA-AM, a chelator of calcium) was used to pretreated cells prior to adding surfactin, and cell inhibition rate was measured the by MTT. As shown in Fig. [3](#Fig3){ref-type="fig"}B, BAPTA-AM could significantly inhibit the surfactin-induced apoptosis (*p* \< 0.01). These data suggested \[Ca^2+^\]~i~ exaltation induced cells apoptosis (Fig. [3](#Fig3){ref-type="fig"}). Fig. 3Roles of \[Ca^2+^\]~i~ in surfactin-induced HepG2 cells apoptosis. **A** Increased level of \[Ca^2+^\]~i~ treated by surfactin (42 μg/ml). **B** The effect of Ca^2+^ on cell apoptosis induced by surfactin. Results are presented as mean ± SD (*n* = 3). \*\**p* \< 0.01 compared with surfactin group

Rearrangement of \[Ca^2+^\]~i~ {#Sec13}
------------------------------

It is well known that ER is crucial to \[Ca^2+^\]~i~ homeostasis, the \[Ca^2+^\]~i~ level is partly modulated by activation of IP~3~ receptors (IP~3~Rs) and activation of ryanodine receptors (RyRs) on the ER \[[@CR9]\]. Heparin and ruthenium red were used as effective competitive antagonist of IP~3~Rs and RyRs. As shown in Fig. [4](#Fig4){ref-type="fig"}, Ca^2+^ was distributed evenly in the surfactin group compared with control and the Ca^2+^ was mostly locked in certain area in the cells pretreated with heparin or ruthenium red compared with surfactin group. It indicated that \[Ca^2+^\]~i~ exaltation was partly depended on Ca^2+^ release mediated by IP~3~Rs and RyRs (Fig. [4](#Fig4){ref-type="fig"}). Fig. 4Rearrangement of \[Ca^2+^\]~i~ in surfactin-induced HepG2 cells. **A** Observation Ca^2+^ rearrangement through IP~3~Rs. *a* Control. *b* HepG2 cells were incubated with 10 mg/ml heparin. *c* 10 mg/ml heparin was added into HepG2 cells for 2 h, and then incubated with surfactin (42 μg/ml) for 9 h. *d* HepG2 cells were incubated with 42 μg/ml surfactin for 9 h. **B** Observation Ca^2+^ rearrangement through RyRs. *a* Control. *b* HepG2 cells were incubated with surfactin (42 μg/ml) for 9 h. *c* 5 μM Ruth was added into HepG2 cells for 2 h, and then incubated with surfactin (42 μg/ml) for 9 h. *d* HepG2 cells were incubated with 42 μg/ml surfactin for 9 h

Testing ERS Induced by Ca^2+^ Rearrangement {#Sec14}
-------------------------------------------

ERS occurred in ER, upregulated CHOP/Gadd153 expression is a critical cellular response for ERS-induced apoptosis. Hence, the CHOP/Gadd153 expression was detected to represent ERS level. As shown in Fig. [5](#Fig5){ref-type="fig"}a, b, surfactin triggered CHOP/Gadd153 expression, and the CHOP/Gadd153 expression was reduced remarkably in pretreated with heparin or ruthenium red compared to surfactin group (*p* \< 0.01), suggesting that Ca^2+^ release both mediated by IP~3~ and Ry receptors triggered ERS. Surfactin-induced \[Ca^2+^\]~i~ exaltation which was depended on Ca^2+^ release mediated by IP~3~ and Ry receptors (Fig. [5](#Fig5){ref-type="fig"}). Fig. 5Testing ERS induced by Ca^2+^ rearrangement. **A** Observation the ERS on Ca^2+^ release from IP3 channel by western blotting. **B** Observation the ERS on Ca^2+^ release from Ry channel by western blotting. **C** Quantification of effect of heparin on CHOP expression in HepG2 cells. **D** Quantification of effect of Ruth on CHOP expression in HepG2 cells. \*\**p* \< 0.01 compared with surfactin group

Relationship Between ROS and \[Ca^2+^\]~i~ {#Sec15}
------------------------------------------

Our results showed that both \[Ca^2+^\]~i~ increase and ROS generation were involved in surfactin-induced apoptosis. To further determine the relationship between ROS generation and the increase of \[Ca^2+^\]~i~, cells were, respectively, pretreated with NAC or BAPTA-AM. As shown in Fig. [6](#Fig6){ref-type="fig"}, the use of NAC to chelate ROS successfully prevented \[Ca^2+^\]~i~, however, BAPTA-AM had no obvious effect on ROS generation, it seemed that \[Ca^2+^\]~i~ increase was dependent on ROS generation. This leads us to hypothesize that ROS may act as an upstream regulator of surfactin-induced \[Ca^2+^\]~i~ (Fig. [6](#Fig6){ref-type="fig"}). Fig. 6Relationship between ROS and Ca^2+^. **A** The effect of BAPTA-AM (the chelator of calcium) on intracellular ROS production. *a* HepG2 cells were incubated with surfactin (42 μg/ml) for 0 h. *b* HepG2 cells were incubated with surfactin (42 μg/ml) for 4 h. *c* 1 mM NAC was added into HepG2 cells for 2 h and then incubated with surfactin for 4 h. **B** The effect of NAC (the chelator of ROS) on \[Ca^2+^\]~i~. *a* HepG2 cells were incubated with surfactin (42 μg/ml) for 0 h. *b* HepG2 cells were incubated with surfactin (42 μg/ml) for 9 h. *c* 1 mM NAC was added into HepG2 cells for 2 h and then incubated with surfactin for 9 h

Roles of MAPK Signaling in Surfactin-Induced Apoptosis {#Sec16}
------------------------------------------------------

The MAPK signaling pathways are activated by different extracellular stimuli, resulting in a wide range of cellular responses, including apoptosis and proliferation \[[@CR7]\]. Hence, the expression of the phosphorylated forms of ERK1/2, p38-mitogen-activated protein kinases (p38), and c-Jun N-terminal kinase (JNK) were evaluated. As shown in Fig. [7](#Fig7){ref-type="fig"}, the expression of p-ERK was reduced as a time manner, but no obvious changes on phosphorylated forms of p38 and JNK, suggesting that blocking ERK1/2 pathway was specifically linked to surfactin-induced HepG2 cells apoptosis (Fig. [7](#Fig7){ref-type="fig"}). Fig. 7Roles of MAPK pathways and Bcl-2 in surfactin-induced apoptosis. Cells were treated with 42 μg/ml surfactin for 0, 6, 12, and 24 h. Western blotting analysis was used to evaluate the expression of MAPK family. β-actin was used as an equal loading control. \*\**p* \< 0.01 compared with control group

Relationship Between ERK Pathway and \[Ca^2+^\]~i~ {#Sec17}
--------------------------------------------------

To further determine the relationship between extracellular signal-regulated kinase (ERK) pathway and \[Ca^2+^\]~i~, cells were, respectively, pretreated with PD98059 (inhibitor of ERK) or BAPTA-AM. As shown in Fig. [8](#Fig8){ref-type="fig"}, the use of BAPTA-AM to inhibit \[Ca^2+^\]~i~ successfully increased \[Ca^2+^\]~i~ the level of p-ERK (*p* \< 0.01), however, PD98059 had no obvious effect on \[Ca^2+^\]~i~. It suggested that blocking ERK pathway was regulated by \[Ca^2+^\]~i~ level in surfactin-induced apoptosis (Fig. [8](#Fig8){ref-type="fig"}). Fig. 8Relationship between ERK pathway and \[Ca^2+^\]~i~. **A** Observation the effect of ERK pathway on Ca^2+^ level by fluorescence microscopy. *a* HepG2 cells were incubated with surfactin (42 μg/ml) for 0 h. *b* HepG2 cells were incubated with surfactin (42 μg/ml) for 9 h. *c* HepG2 cells were incubated with 10 μM PD98059 for 9 h. *d* 10 μM PD98059 was added into HepG2 cells for 2 h, then incubated with surfactin (42 μg/ml) for 9 h. **B** Testing the impact of the Ca^2+^ level in MAPK pathways by western blotting. **C** Quantification of effect of BAPTA on P-ERK expression in HepG2 cells. \*\**p* \< 0.01 compared with surfactin group

Discussion {#Sec18}
==========

Surfactin has been known to inhibit proliferation and induce apoptosis in cancer cells \[[@CR10]\], however, the molecular mechanism(s) responsible for these processes remain elusive. In this study, it has clearly certificated that ROS production and Ca^2+^ levels could cause apoptosis. ER stress hallmark Bip/GRP78 and CHOP/Gadd153 expression increased and the NAC inhibited the expression of the two proteins. It was clear that ERS was regulated by ROS production.

Disruption of cellular Ca^2+^ homoeostasis and the release of Ca^2+^ from intracellular storage into the cytosol is central to apoptosis. The results suggested that the increase of \[Ca^2+^\]~i~ was depended on the IP~3~ and Ry receptors channels. Then, the ERS was tested after being blocked the IP~3~ and Ry receptors channels. The results illustrated that the ERS was triggered by surfactin, and regulated by Ca^2+^ released from IP~3~ and Ry receptors channels.

The MAPK family respond to extracellular stimuli such as proliferation and cell apoptosis \[[@CR13]\]. The results indicated that surfactin-induced HepG2 cells apoptosis was involved in down-regulated ERK1/2, and blocking of ERK1/2 pathway was regulated by ROS-mediated \[Ca^2+^\]~i~ level.

In summary, our results showed that surfactin-induced apoptosis is mediated by ROS-activated ERS, resulted in Ca^2+^ release, which could also strengthen ERS, followed by ERK blocking in HepG2 cells. Further studies will focus on the feedback of ER to ROS and Ca^2+^, analysis of mitochondrial Ca^2+^ concentration, and relationship between mitochondria and ER.
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